Background: Child vaccination coverage in low-and middle-income countries is still far from complete, mainly among marginalized people such as children with illiterate mothers. Objective: This study aims to examine the association between maternal literacy and immunization status of children in Ethiopia and southeastern India (Andhra Pradesh and Telangana) and test whether state-run health centers and community health workers moderate that association.
Vaccination; maternal literacy; health center; health workers; multilevel regression
Background
Communicable diseases are the main causes of child death throughout low-and middle-income countries (LMICs) even though many of them can be easily prevented by vaccination [1] . Given that most vaccinations are not expensive [2, 3] , proper vaccination can be one of the most cost-effective public health initiatives to decrease the global burden of vaccinepreventable diseases [4] . Accordingly, the World Health Organization (WHO) introduced the Expanded Program on Vaccination (EPI) in 1974 to target six diseases first (diphtheria, whooping cough, tetanus, measles, poliomyelitis and tuberculosis). Hepatitis B and Haemophilus influenzae type b (Hib) were included later [5] . Although EPI has made substantial contributions to increasing vaccination coverage in some LMICs [6] , an estimated 18.7 million infants in LMICs were still missing basic vaccinations as of 2014. Furthermore, the coverage rate of most essential vaccinations in most African countries was less than 80% in 2014.
Child vaccination is of great importance in India where one third of the annual vaccine-preventable childhood deaths occur [7] . Despite almost three decades of a universal immunization program, about 39% of children aged 12-23 months did not receive a schedule of vaccination in 2014. Thus, about one in three children born every year do not receive protection, placing them at the highest risk of mortality and morbidity [7, 8] .
In 2014, Ethiopia recorded vaccination coverage rates of 78%, 84%, and 81% for bacillus CalmetteGuérin (BCG), three doses of diphtheria, tetanus, and pertussis vaccine (DPT3), and measles-containing vaccines (MCV), respectively, which were far below global averages (91.3%, 90.4%, and 89.5%, respectively) [9] . Although Ethiopia's immunization program has improved in recent years [10] , substantial coverage disparities across subgroups remain [11] [12] [13] . Literacy is a critical factor for accessing vaccination service [14] .
Several recent studies on child vaccination in LMICs have found a significant association between parental or caregiver literacy and child vaccination [15] [16] [17] [18] [19] . Caregiver illiteracy adversely affects child vaccination status via the capacity to obtain, process and understand basic information on the benefits and risks associated with child vaccination, which, in turn, lead to poor adherence to the recommended vaccination schedule [20] [21] [22] . Community health centers and health workers, called Anganwadi workers (AWW) in India or health extension workers in Ethiopia, may play an important role in improving vaccination coverage for marginalized children with illiterate caregivers because such workers are often responsible for managing the vaccination process within their community [23] . For example, they rule out contraindications, record vaccination status, check vaccine transportation and storage to ensure efficacy, and inform parents about vaccination benefits and risks [24, 25] .
Associations between parental literacy and child vaccination status, and between community factors such as the presence of community health centers or health workers and vaccination coverage, have been found in previous studies [23, 26] . However, the role of these community factors as a moderator of the association between maternal literacy and child vaccination status remains unknown. Thus, the present study aims to test two hypotheses: (a) whether there is a positive association between maternal literacy and child vaccination, and (b) the extent to which the association between maternal literacy and child vaccination status is moderated by the presence of staterun health centers and community health workers.
Methods

Study design
Data were obtained from an international and longitudinal survey named the 'Young Lives Study'. The Young Lives study is comprised of two cohort groups, the first of which is a 'younger cohort' including 1999 and 2011 children aged between 6 and 18 months in Ethiopia and India, respectively. The second group, labeled the 'older cohort', included 1000 and 1008 children aged 7 to 8 years in Ethiopia and India, respectively, at the time of recruitment in 2002.
The first round of data from the younger cohort was obtained in 2002 (age of cohort: 6 to 18 months), the second round in 2006-2007 (age of cohort: 4 to 5 years), and the third round in 2009-2010 (age of cohort: 7 to 8 years). Our study mainly used the round 2 data set from the younger cohort because it included information on basic vaccinations which should have been completed when the child reached the age of 4 to 5 years. Only sibling status was extracted from the round 1 data set as that information was only collected during the first round.
Participants and sampling
The Young Lives study employed a clustered sampling strategy with a semi-purposive sampling of 20 sentinel sites, with oversampling of sites covering poor areas rather than nationally representative sampling in each country, because the aim of the study was to assess the causes and consequences of childhood poverty [27] . In India, sentinel sites were chosen only within the states of Andhra Pradesh and Telangana, while sites were selected nationwide in Ethiopia. The sentinel sites include both urban and rural areas, representing a range of regions, policy contexts, and living conditions. Within each sentinel site, all households containing children in the target age groups were identified and listed, from which 150 (100 for the younger cohort and up to 50 for the older cohort) were randomly selected [27] [28] [29] . A comparison was made between the study samples and nationally representative samples using data from the Welfare Monitoring Survey 2000 for Ethiopia and data from the Demographic and Health Survey 1998/99 for India. Comparison of several living standard indicators showed that the samples in the Young Lives Study were slightly better off, which might be partly explained by a substantial decrease in national poverty rates over the gap between the survey year of the Young Lives Study and nationally representative samples. More information on the sampling strategies in each country can be found elsewhere [30, 31] .
Households that refused to participate (representing less than 2% of the selected households) were replaced with other households from the list. The response rate was above 90% in both countries. Attrition rates were notably low compared to other longitudinal studies in similar contexts, ranging from 0.50 to 3.52%, and were similar across countries [32] . Data were collected from the child's main caregiver, which was either the child's mother (mainly) or father (only minimally), using a standardized, interviewer-administered questionnaire. All interviewers received training based on common guidelines. After excluding cases with missing information or 'don't know' responses for the outcome variable and any of the explanatory variables, 1157 children in 22 communities in Ethiopia and 1455 children in 75 communities in India comprised the final analytic samples for this study.
Outcome measure
A binary variable indicated whether the respondent's child had completed four kinds of vaccinations including BCG, MCV, DTP3, and polio. We did not include Hib because Hib was introduced in Ethiopia in 2006 and in India in 2009, which is much later than our survey period. Answers to these questions were obtained from the child's vaccination card if it was available. Otherwise, the answer was based on the respondent's recall (yes/no) for each vaccination.
Explanatory measures and covariates
Respondents were asked whether the mother and father of the index child could read and understand a letter or newspaper in their own language, which was Telugu in India, and the most commonly used language in that locality in Ethiopia. Each parent was assessed as illiterate if they could not read and understand it at all or as literate if they could read and understand it easily or with difficulty.
Data on state-run health centers and community health workers were collected by asking key informants in the community, such as a community leader or village representative, whether community health workers were present and delivered their services in the locality and whether the state-run health centers were available 4 years prior when the index child received a series of vaccinations. The definition of community health workers did not include social workers or mental health workers. State-run health centers did not include health posts.
Other explanatory variables used in this study were maternal age, child's gender, child sibling status, household wealth status, type of residence, and region. Maternal education level was not included due to concerns about the high probability of collinearity with the literacy variable and the over-fitting statistical models problem, according to the recommendation of a previous study [33, 34] . Maternal age was categorized into two groups: 30 years or younger and older than age 30. Sibling status was categorized as only child vs. child with sibling at the time of the first survey. (Note: as information on the child's sibling status was assessed only during the first survey round, the status might have changed later if a child was born in the household after the first survey round.) Wealth index was measured with wealth status and living environment, including housing quality, water and sanitation quality, and access to energy sources, and then constructed by principal component analysis from three equally weighted components -a housing quality index, a services quality index, and a consumer durables index -with ranges from 0 to 1 [35] . Subsequently, these values were ranked into wealth quintiles from the poorest to the wealthiest. The selection of these variables as potential confounders was guided by a review of the previous literature.
Statistical methods
We performed multilevel multivariable logistic regression with a random intercept model to examine the association between maternal literacy and completion of four kinds of child vaccination while accounting for the clustering of observations at the community level for each country in 2006. To test for a moderating effect of staterun health centers and community health workers on that association, cross-level interaction terms were constructed by multiplying two dummy variables representing presence of a state-run health center or community health workers and maternal literacy.
First, models 1-1 and 1-2 considered only individual-level and household-level variables with and without controlling for paternal literacy. Then, the two community-level variables were included as explanatory variables into separate regression models (model 2-1 for state-run health center and model 3-1 for community health worker). Finally, we extended models 2-1 and 3-1 by adding the cross-level interaction terms to test the moderating effect of two community-level variables on the association between maternal literacy and completion of four kinds of vaccinations (models 2-2 and 3-2). Analyses were carried out in 2016 using SAS version 9.3 [36] . Table 1 shows descriptive characteristics of the child samples by individual-, household-, and communitylevel variables. More than 60% of mothers in Ethiopia and India were illiterate. The percentage of mothers aged 30 or younger was much higher in India than in Ethiopia (79.2% vs. 49.4%). Only 27.3% of respondents in Ethiopia and 15.6% of respondents in India had had state-run health centers in their community 4 years prior to the survey. The percentage of respondents living in a community where community health workers wer present 4 years prior to the survey was 63.5% in Ethiopia and 51.2% in India.
Results
The percentage of children who completed the four kinds of vaccinations according to the categories of individual-level and community-level variables showed mixed results by country. In India, the percentage was similar for both literate and illiterate parents, while it was higher among literate parents than illiterate ones in Ethiopia. The percentage was higher in communities without a state-run health center than in communities with a center in Ethiopia, whereas the opposite pattern appeared in India.
The results from adjusted multivariable multilevel analyses for Ethiopia and India are presented in Tables  2 and 3 , respectively. When individual-and householdlevel covariates were adjusted for, maternal literacy was associated with vaccination status only in Ethiopia. Specifically, literate mothers in Ethiopia were 2.54 times (95% Confidence Interval (CI): 1.35-4.75, p = 0.004) more likely to complete all four kinds of vaccinations for their child as compared to illiterate mothers (model 1-1 in Table 2 ). This relationshiremained robust even after adjusting for paternal literacy (Adjusted Odds Radio (AOR) = 2.27, 95% CI: 1.18-4.39, p < 0.01 in Ethiopia; model 1-2 in Table 2 ). The presence of a state-run health center in the respondent's community was positively associated with child vaccination status only in India. That is, children living in a communities where a staterun health center was located were 6.6 times (95% CI: 1.57-27.70, p < 0.01) more likely to have received the four vaccinations than children in communities without a state-run health center (model 2-1 in Table 3 ). The presence of community health workers was not directly associated with child vaccination status in either country.
The cross-level interaction effect between presence of a state-run health center and maternal literacy was not significant in either country, indicating that having a state-run health center in the respondent's community did not moderate the association between maternal literacy and child vaccinations (model 2-2 in Tables 2 and 3) . However, the cross-level interaction between community health workers and maternal literacy was statistically significant in Ethiopia (model 3-2 in Table 2 ). This result indicates that the gap in the odds of completing the four kinds of vaccinations between illiterate and literate mothers was smaller in communities with community health workers than in communities without community health workers (Figure 1) .
Random effect results revealed that about 29.5% and 33.5% of the total variation in child receipt of these four vaccines in Ethiopia and India, respectively, was associated with clustering of the outcome within communities. Generally, variation in the outcome at the community level decreased as we accounted for more explanatory variables.
Tables S1 and S2 provide the estimates for the relationships between the other explanatory variables and the outcome in Ethiopia and India. For example, the odds of completing all four kinds of vaccinations were far lower for children living in rural areas as compared to children living in urban areas in India. In Ethiopia, the odds of getting all four kinds of vaccinations for children living in the Oromia regional state and Southern Nations, Nationalities, and Peoples' Region were much lower compared to children living in Addis Ababa. ► All models were additionally adjusted for maternal age, gender of child, sibling status, wealth level, type of residence, and region. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Discussion
The two hypotheses examined in our study were that (a) maternal literacy has a positive association with child vaccination status after adjusting for potential confounding factors, and (b) presence of a state-run health center or community health workers in the community would reduce the gap in vaccination status of children between literate and illiterate mothers. Results from multilevel logistic regression analyses supported the first hypothesis only in Ethiopia. The finding that illiterate mothers in Ethiopia are less likely to finish all four kinds of vaccinations for their child compared to literate mothers was consistent with results from previous studies. In general, the link between maternal illiteracy and poor child health-related outcomes is stronger in LMICs [15, [17] [18] [19] [37] [38] [39] than in high-income countries [40] [41] [42] . Prior research has found that literate mothers tend to be more likely to be knowledgeable about target diseases, vaccination schedules, or benefits of vaccination, which may motivate them to get their children fully immunized, whereas illiterate mothers are less likely to be exposed to this information [43] . In addition, although social support may buffer the adverse effect of illiteracy on health outcomes [20] , the illiterate might have limited social supports due to weak social networks [13, [44] [45] [46] , which makes them more alienated from essential vaccination knowledge. This study found evidence that the presence of a state-run health center seemed beneficial for child vaccination only in India. In addition, there was no evidence that a state-health center in the community contributed to reducing the gap in the rate of full vaccination status between children from illiterate mothers and children from literate mothers in either country. The direct association result is similar to a prior finding that proximity to a health center is positively associated with child vaccination in India [47] . However, another study in India found that availability of health infrastructure in a community had only a modest effect on vaccination coverage in a rural area [26] .
These mostly null findings about this form of health infrastructure may be evidence that presence of a staterun health center alone does not capture the challenges associated with making health centers effective. First, distrust in the quality of health centers, or cultural factors, may hinder a mother's visit to a health center. Second, the presence of state-run health centers in the community does not guarantee their proper functioning. For example, some state-run health centers are not equipped with the cold chain system for maintaining vaccines at proper temperature due to unstable and inadequate financial resources [48] . Therefore, these health centers are open for vaccination service only for a few days when the vaccine is delivered to the health center, resulting in a lack of service days for vaccination [49] [50] [51] . Third, a lack of transportation or the cost of transportation to such centers also can prevent community members from utilizing vaccination services through a state-run health center [52] . Finally, if mothers living in communities without a state-run health center can easily access a private clinic, financially and geographically, then the presence of a state-run health center in the community may not be associated with child vaccination status because mothers in both types of communities could ostensibly be getting their children vaccinated elsewhere. Thus, variation in the effect of a state-run health center on vaccination status may arise from variation in these conditions in each country.
Lastly, our analysis offered evidence that the presence of community health workers may act as a moderator on the relationship between maternal illiteracy and child vaccination status in Ethiopia. That is, the potential harmful effect of maternal illiteracy on child vaccination status might be more pronounced among the children living in areas without community health workers in Ethiopia. Community health workers are responsible not only for administering vaccines but also for monitoring vaccination coverage and conducting door-to-door visits for all children to be immunized in a timely way by disseminating information on vaccination and identifying and mobilizing the target group [26, 47, 53] . Face-to-face and one-on-one interpersonal communication with community health workers is considered to be an effective means for reducing barriers in access to information for marginalized populations such as children of illiterate mothers [25, 54] .
As with state-run health centers, however, the presence of community health workers does not ensure that the system is properly functioning. Although AWW started their service in 1975 as frontline workers of Integrated Child Development Services [55] , the community health worker system has been insufficient in number and/or lacks capacity in terms of knowledge, skills, attitudes or motivation [56, 57] . In addition, organizational support such as resources, remuneration or incentive, trainings, and working conditions is always lacking [58] [59] [60] . This lack of resources might explain, in part, a non- significant direct association between community health workers and child vaccination status in India. To address challenges with their community health worker system, India launched the National Rural Health Mission in 2005 to rejuvenate its rural health system. The country ambitiously trained a cadre of 250,000 community health workers and provided them with a monetary incentive and allowance for covering difficult areas with the goal to increase child vaccination rates [61] .
The majority of children who fail to receive a completed vaccination schedule are mainly from marginalized groups, including children with illiterate parents [14, 15] . Our findings may have the encouraging implication that well-functioning community health workers can contribute to increasing access to child vaccination services for children with illiterate parents.
Limitations
A few limitations of the current study need to be acknowledged. First, the data for the study are more than 10 years old. Thus, the situation might have changed regarding illiteracy rates or the quality of health workers or health centers in Ethiopia and India. However, a change in those factors does not harm the validity of this study's interpretation that properly functioning health workers may improve vaccination rates among children with illiterate mothers. In addition, the results of our paper may offer lessons to other LMICs that are currently going through similar situations to what Ethiopia and India experienced 10 years ago. Second, information on the vaccination status of the child was collected via respondents' recall when respondents did not have a vaccination card, which can raise the possibility of 'recall bias'. However, the prevalence of each type of vaccination in our study sample was compatible with figures provided by international agencies such as WHO/UNICEF [62] , thus suggesting that recall bias was not a major issue in our data. Third, the variables for community health workers and state-run health centers in this study only represent the presence of those community sources, and do not reflect quality. Lastly, data from India were only from Andhra Pradesh and Telangana. Therefore, results may not be generalizable to other parts of the country. Finally, the cross-sectional study design limits inferences on the directional causality of the associations found in this study.
Conclusion
Generally, health infrastructure such as public health centers and health human resources such as community health workers are important for vaccination. The results of our analyses showed that the availability of community health workers may reduce the impact of maternal illiteracy on child vaccination status, although the result depended on the country. This finding emphasizes the potential importance of implementing a high-quality community health worker system in expanding vaccination coverage among underserved children in LMICs, especially in countries with a high rate of illiteracy. Although reducing illiteracy itself is a more fundamental and ideal solution, this goal would take a long time to achieve. Thus, improving the number and quality of community health workers may be a good additional step in improving vaccination rates among children of illiterate mothers.
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Child immunization coverage in LMICs is still far from complete, mainly among marginalized people such as children with illiterate mothers. This novel study examines whether state-run health centers and community health workers play a moderating role in the association between maternal literacy and child immunization. Community health workers reduced the gap in child immunization between illiterate and literate mothers in Ethiopia.
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